Abstract: A one-degree-of-freedom set-up driven by pneumatic muscles was designed and built in order to research the applicability of pneumatic artificial muscles in industrial applications, especially in wearable robots such as exoskeletons. The experimental set-up is very non-linear and very difficult to control properly. This paper describes the control of this mechatronic system's interaction with its environment, controlling both its position and the force exerted against it by the implementation of bioinspired algorithms. Specifically, two different variations of the Compliance Control have been adapted for their application in the experimental device powered by pneumatic muscles. It is worthy of mention that an estimator has been developed in order to close the inner torque and pressure loops without the use of any torque or force sensor. Finally, the article concludes by presenting the experimental results obtained and the most outstanding conclusions of the study as a whole.
INTRODUCTION
The group of researchers from the IKERLAN technology centre working on the development of mechatronic systems have been involved for the last four years in the design and construction of an upper limb IAD (Intelligent Assist Device) (Martinez et al., 2009 ). More specifically, the device is an exoskeleton for helping the user carry out routine tasks in the workplace. One of the requirements established from the start was to include non-conventional actuators as far as possible. Among the alternatives studied, artificial pneumatic muscles were considered to be the most suitable forms of actuation.
Pneumatic muscles have high-performance actuating features and a good power/weight ratio and lightness, enabling the easy design of low impedance robotic applications. Unfortunately, like animal muscles, they reveal certain very non-linear force-length characteristics, and it is not easy to control them. The modelling of pneumatic muscles and controller design have been active research issues in recent years (Tsagarakis et al., 2007; Jia-Fan et al., 2008) . In order to study the applicability of this type of actuators in biomechatronic systems a 1-DoF experimental set-up was built, driven by a pair of antagonistic pneumatic muscles. Initially, a dynamic model of the pneumatic muscle was created, and then used to make the full model of the experimental set-up. This model was experimentally validated (Pujana-Arrese et al., 2010) .
Motivated by the high degree of non-linearity of the experimental prototype, the authors developed different solutions for robust control of the system's angular position: from a first initial attempt using basic controllers, to more advanced techniques achieved such as H ∞ or the non-linear sliding mode technique (Pujana-Arrese et al., 2010) .
Later, the interaction with the environment was studied from a classical point of view by the application of control techniques like the Hybrid Control and the Impedance Control. In order to close the torque and force loops an estimator requiring no direct measurement of either the torque or the force exerted by the mechatronic device was developed ). This paper takes a step further as regards control of the mechatronic system's interaction with its environment, controlling the position and the force with the help of two bio-inspired control schemes proposed by Zollo et al. (2008) : Self-regulated Compliance Control and Coactivation-based Compliance Control. They are variations of the Compliance Control designed with the aim of overcoming the limits of the classic algorithms. In both cases the controller parameters adapt to the environment. To reach this objective inspiration from biological motor control is taken, especially from the human arm visco-elastic regulation.
The object of this paper is to present the bio-inspired algorithms implemented for controlling interaction with the environment, stressing the fact that an estimator has been used for this purpose.
The first point contains a brief description of the experimental set-up used for this study, and the paper then goes on to present a theoretical review of the selected control techniques: Self-regulated Compliance Control and Coactivation-based Compliance Control. There then follows a detailed description of the control diagrams implemented for both algorithms adapted to the experimental set-up. Finally, the paper concludes by presenting the experimental results obtained, comparing them with the classic Impedance Control, and the most outstanding conclusions of the study as a whole.
SET-UP DESCRIPTION
A human arm orthosis-type application has been taken into consideration when designing the set-up. To this end and albeit with a single degree of freedom, it was considered that it should allow for the greatest angular displacement possible, and that it should be able to transport the greatest mass possible at the tip (emulating a weight borne by the hand). On the other hand, however, it needed to be confined to the length of the pneumatic muscles. In seeking a compromise between all the specifications, a displacement of around 60º and a maximum mass to be moved at the tip of 8 kg were set. By trying to minimize the length of the muscle required, the design focused on the mechanism that would enable the arm and inertias to rotate with good dynamics by means of the two muscles.
As the pneumatic muscle only works in contraction two different muscles are necessary to drive one joint. The pneumatic muscle that was chosen was the DMSP-20-200N manufactured by Festo, and the resultant mechanism is shown in Figure 1 . The parameter values that define the mechanism are: a=5 mm; b=85 mm; c=491 mm; d=40.6 mm e=129.4 mm; α=0º-60º; β=120º-180º; r=32 mm From these values the distance L (mm) between the ends (joining points of the mechanism) of the pneumatic muscles is:
‫ܮ‬ ൌ ඥ175059 2841.6 · cos ߙ െ 26624 · sin ߚ When the muscles are without pressure, the distance L is of 423 mm, with the length of the muscle fibre being 200 mm. The centre of the arm mass with regard to the centre of rotation is at a height of 17.6 mm and at a horizontal distance of 205 mm, considering that the arm is in the horizontal position. The arm mass is 0.987 kg. The centre of the additional masses placed on the end of the arm (up to a maximum 8 kg) would be at a height of -24 mm and at a horizontal length of 367 mm with regard to the centre of rotation, always bearing in mind that the arm is in the horizontal position. Figure 2 shows a picture of the prototype constructed. The prototype includes a FAGOR S-D90 encoder, which supplies 180,000 pulses per turn, and a load cell on the lower stop of the model. Figure 2 also shows the schematic diagram of the set-up, which includes the control hardware, sensors and pneumatic circuit. As it can be seen, two Festo MPYE-5-1/8HF pneumatic servo-valves are used for actuation, each linked to one pneumatic muscle and controlled independently by the controller. The controller hardware is PIP8, an industrial PC made by the company MPL, which is very similar to The MathWorks' xPCTargetBox. A PC104 card (Sensoray model 526) was incorporated into the PIP8 in order to read and write all the system signals. Control algorithms were implemented in Simulink and code was generated and downloaded in the aforementioned hardware by means of two of The MathWorks' tools: RTW and xPCTarget.
OVERVIEW OF POSITION/FORCE CONTROL ALGORITHMS
Research into pneumatic muscles has been carried out considering them as orthosis actuators. And an orthosis, or exoskeleton, can be considered to be a wearable robotic device. In an initial approach, the basic control of an orthosistype device can be considered to be based on position control, where the user creates the movement set-point and closes the loop aided by the human body's own sensors. Detecting the user's "intention" and creating the movement set-point on the basis of this is a key element. Another very important factor to be taken into account is the interaction with the environment, whether from the perspective of controlling the force exerted so as not to cause damage to persons within the robotic device's field of action.
Impedance Control is a classic force control scheme. It is able to take on the control of a composite task, with free and restricted movement stages, maintaining the system's stability without changing the control algorithm. It is based on the idea of controlling the dynamic relationship between the force and position variables of the physical systems. The general strategy may be established in terms of controlling a movement variable and at the same time providing the manipulator with a disturbance response in the form of impedance. Thus, the interaction between the manipulator and its environment can be modulated, and controlled by acting on the impedance values. In impedance control, the functional form of the torque of a manipulator's actuators is well-known:
where each line of the second member represents a contribution of a different nature to the total torque. The first line corresponds to terms dependent on the position, the second to terms of speed, the third to terms of force, and the fourth to terms of inertial coupling. The input variables are the desired positions and speeds, and the terms that specify the required dynamic behaviour characterized by the magnitudes M, B, and K which maintain constant all the time.
The force feedback ‫ܨ‬ ூே் , based on a measured force or estimated force, has the effect of changing the apparent inertia of the manipulator. However, the impedance control scheme can also be applied without a sensor or force estimator. In this case the force is not explicitly controlled, but, depending on the impedance values used in the controller design, the force the system exerts on the environment is limited.
In (Pujana-Arrese et al., 2009) the authors show how the Impedance Control was adapted and implemented in the 1DoF prototype, as well as the optimum values of the controller parameters.
In comparison with the Impedance Control, the variations of the Compliance Control proposed by Zollo et al. (2008) , Selfregulated Compliance Control and Coactivation-based Compliance Control, try to deal with the problem of the interaction control taking inspiration from biological systems behaviour. These novel schemes have been considered valid for the case of the presented set-up, although they have some special characteristics that must be taken into account when the actuators are pneumatic muscles.
The self-regulated compliance control, is an adaptive PD control that uses an exponential function to regulate control gains. This makes the mechatronic device capable of selfadjusting the interaction force (Zollo et al., 2003) . The self-regulated compliance control is described by the following law:
where ‫ݍ‬ and ‫ݍ‬ ௗ are the actual and desired position in the joint space, ‫ܭ‬ and ‫ܭ‬ are the stiffness and damping matrices, is the position error in the joint space and ݃ሺ‫ݍ‬ሻ is the estimate of the gravitational torques acting on the joints.
The stiffness matrix is composed by exponential functions of the joint errors on the diagonal, as
where ݇ ଵ ,…, ݇ are the proportional gains for the free motion and ݇ ଵ ,…, ݇ the rate of decay of the stiffness at each joint. The damping matrix is related to the stiffness one, through a positive scalar coefficient ߚ:
The coactivation-based compliance control derives its name from the biological mechanism of coactivation responsible in the human arm of muscle viscoelastic regulation (Zollo et al, 2005) . The control law (߬) is the addition of two torque contributions: a feedforward loop according to the inverse dynamic model (߬ ிி ) and a feedback controller that uses a unique parameter (named coactivation) to modulate joint compliance in the interaction ሺ߬ ி ሻ.
The first term is formulated as follows:
The second one can be expressed with following equation:
where stiffness and damping matrices ‫ܭ‬ and ‫ܭ‬ are linear functions of a unique parameter ܿ, called coactivation by analogy with the biological mechanism. In the free motion, the i-th element of ‫ܭ‬ increases is calculated as
where the coefficient ‫ܭ‬ ഥ can be different for each joint. ‫ܭ‬ is the minimum gain allowing a quite accurate motion and ‫ܭ‬ ௫ is the maximum gain which still ensures stability. The updating law for ܿ is an increasing monotonic function of the position error, i.e.
ܿ ൌ ߚඥ‫ݍ‬ ் ‫ݍ‬
being ߚ a positive coefficient.
When interaction with an external element occurs, ‫ܭ‬ function decreases from its initial value ‫ܭ‬ with the following law:
Where ‫ܭ‬ ݄ ത is the maximum value for the proportional parameter, and h ത is a scalar coefficient playing the same role of ‫ܭ‬ ഥ . The viscosity matrix ‫ܭ‬ in the free motion as well as in the constrained motion follows the same laws as ‫ܭ‬ .
When a collision occurs the coactivation depends on the interaction force as follows:
ܿ is the minimum value of coactivation applied when the interaction force is very high, and is ߙ a positive scalar and ݂ is the interaction force.
SELF-REGULATED COMPLIANCE CONTROL OF THE SET-UP
Both the self-regulated and the coactivation-based Compliance Control are based on the hypothesis that the actuation system is able to supply the torque required by the control algorithm. This hypothesis is not so evident in the case of one degree of freedom actuated by means of an antagonistic pair of pneumatic muscles. Tsagarakis et al. (2007) put forward an algorithm based on the independent pressure loops that serves to close the torque loop. The scheme has two separate PI controllers for controlling the internal pressure of each muscle and an external loop governed by a PID.
In the figure that shows the implemented control scheme (Figure 3 ) it can be seen the aforementioned inner pressure loops and the PID block that closed the torque loop by means of the calculation of the torque estimator. The gains of the pressure loops were adjusted to K p =4, K i =4, while the optimum values for the torque loop gains are K p =0.08,
On most occasions different sensors are used to directly measure the force or torque exerted by the actuators in order to control the interaction between the mechatronic system and its environment (Tsagarakis et al., 2007; Jia-Fan et al., 2008) .
In ) the authors put forward the idea of carrying out the control of the interaction between a mechatronic system driven by pneumatic muscles and its environment without any direct measurement at all of either the torque exerted by the pneumatic actuators or the force exerted by the arm. The torque and force are calculated on an estimated basis from the angular position of the arm and the pressures on the pair of muscles, as set out in the ensuing paragraphs.
The rest of the blocks represent different terms of the control law formulated in equation (1). As far as this prototype has only one DoF (ߠ) the formulation becomes simpler. The gravitational torque term is equal to next expression:
where m is the mass of the arm, L the distance between the rotation point and the arm's centre of gravity, θ the angle between the arm and the vertical and β the angle between the rotation point and the centre of gravity. N is the number of extra masses placed on the tip, and m p is the weight of each mass.
In the adaptive PD, equations (2) and (3), the number of the parameters to be tuned is reduced to three (݇ ଵ , ݇ ଵ and ߚ). ݇ ଵ and ߚ where tuned in order to have an accurate position tracking, while ݇ ଵ cannot be very high to avoid the risk of losing the position tracking when the set-point changes quickly. The optimum values found for these parameters are 50, 0.8 y 0.4 respectively.
COACTIVATION-BASED COMPLIANCE CONTROL OF THE SET-UP
As the Figure 4 shows, the main control scheme is very similar to the previous one. Both algorithms are based on an adaptive PD that controls the interaction with the environment. On the other hand, as it was mentioned before, the inner pressure loops, the torque estimator and the torque PID loop are also necessary in both cases. Obviously, the gains were adjusted to the same values.
The main differences come from the addition of the feedforward loop and from the way the PD adapts its behavior that in this case depends on the co-activation. The next expression for the feedforward term (5) is deduced from the prototype's inverse dynamic model:
Where I o is the inertia of the arm on the rotation point.
The fact that the relation between the proportional and derivative gains is not established by a parameter, combined with the distinction of two different states (free and constrained motion), increases the number of parameters to be tuned. Anyway, two of them (ߚ and ݄ ത ) can be equal to 1 as they appear multiplying another parameters. ‫ܭ‬ ௫ , ‫ܭ‬ , ‫ܭ‬ ௫ , ‫ܭ‬ , ‫ܭ‬ ഥ and ‫ܭ‬ ഥ were tuned in free motion using different ramped set-points assuring a good and stable tracking. The rest of the parameters ‫ܭ(‬ , ‫ܭ‬ , ܿ and ߙ) were tuned performing different collisions trying to keep the interaction force under a reasonable value. In short, the optimum values found are ߚ ൌ 1, ݄ ത ൌ 1, ‫ܭ‬ ௫ = 100, ‫ܭ‬ ൌ 60, ‫ܭ‬ ௫ ൌ 3, ‫ܭ‬ ൌ 2, ‫ܭ‬ ഥ ൌ 60, ‫ܭ‬ ഥ ൌ 1, ܿ ൌ 0.5 and ߙ ൌ 2.
EXPERIMENTAL RESULTS
Initially, controllers were tuned by simulation proofs, using to accomplish this objective the non-linear model previously Both control algorithms do not offer a robust behaviour with changes in the load as long as they need to specify the weight of the mass placed at the extreme of the arm. To solve this problem, it was developed an initialization function which is used to carry out a set of free movements useful to estimate the extra weight. Thus, the control systems can work autonomously. All the experimental trials presented in this section have been carried out with different tip masses. The objective was to check the robustness of the system once the extra load has been estimated by the controllers.
The trial showed in Figures 5 and 6 was performed in order to study the behaviour of the Self-regulated control with collisions and with three different loads (0, 3 and 6 Kg). In this case, the arm is initially 55º away from the vertical plane and it is generated an ascendant position set-point with a slope of 20º/s. The lower limit stop was located at 59.1º, so when the arm tries to track the set-point and reaches this position a collision happens.
The position response is quite slow and shows oscillations in the case of 6 Kg. Once the collision occurs the arm gets blocked, the position error signal increases and consequently the gains of the PD algorithm decrease keeping the interaction force limited. In Figure 6 it can be seen that in all cases the interaction force stabilizes around 35 N, although the 6 Kg at the tip make the force oscillate in the moment of the collision and then present a small overshoot. Figure 7 and 8 correspond to the response of the system controlled by the Coactivation-based control and with the same position set-point described in the previous paragraph. In this case the position response (Figure 7 ) is faster for every load, making the collision more violent, which is proved by the oscillations in impact moment. When the estimator detects the collision the expression for coactivation changes its form being inversely proportional to the estimated interaction force. As a consequence, the adaptive gains decrease their value and the force keeps under 40 N ( Figure   8 ). In the case of 6 Kg the interaction force stabilizes 2.5 N higher than in the other two cases. Figure 9 shows a comparison between the two algorithms presented in this paper and the Impedance Control analyzed in ). Specifically the figure shows the estimated force when the position set-point increases 5 seconds after a collision with a tip mass of 3 Kg. The Coactivation-based controller presents the biggest perturbations in the moment of the impact as far as it is the one with the best position tracking. After the initial collision the force response of both the Coactivation-based and the Impedance Control is similar, although the adaptive behaviour of the first one makes the force increase lower once the position set-point changes. The estimated force with the Self-regulated controller has a higher initial value, but in this case, the decrease of the gains entails the decrease of the estimated force.
It can be concluded that the variable behaviour of the algorithms based on the Compliance Control maintains the interaction force more stable in the presence of perturbations during a constrained motion. The one based on the coactivation has a more complex structure which allows separating the free and constrained states. This assures the best position tracking and the lowest interaction force. On the other hand, the parameters of the self-regulated control must be carefully adjusted in order to avoid the risk of losing the position tracking. Therefore, in this case the interaction force has a higher value although a perturbation in the position setpoint during a collision has minor effects.
CONCLUSIONS
This paper presents a study about the control issue of the interaction with the environment of a 1-DoF experimental set-up powered by pneumatic muscles from a bio-inspired point of view. Due to the non linear behaviour of this kind of actuators the control of the mechatronic device is very complex both in free movements and when it comes into contact with an obstacle, having a different response depends on the movement zone or the position where the impact occurs. Moreover, the possibility of loading the extreme of the arm with extra weight requires using robust algorithms. The main contribution of this paper is the adaptation of two bio-inspired algorithms for the control of the interaction and their implementation in a 1 DoF device powered by pneumatic muscles. In comparison with a classic algorithm like the Impedance Control both of them present a more robust response regarding the environment constraints, keeping the interaction force more stable during a collision.
Furthermore, the torque loop and the calculation of the interaction force are made by means of an estimator avoiding the need of measure them directly. 
